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Ferroelectric plasma sources in vacuum are known as sources of ablative plasma, formed due to
surface discharge. In this paper, observations of a gas discharge mode of operation of the
ferroelectric plasma sourcéEPS are reported. The gas discharge appears at pressures between
~20 and~80 Torr. At pressures of 1-20 Torr, there is a transition from vacuum surface discharge

to the gas discharge, when both modes coexist and the surface discharges sustain the gas discharge.
At pressures between 20 and 80 Torr, the surface discharges are suppressed, and FPS operates in
pure gas discharge mode, with the formation of almost uniform plasma along the entire surface of
the ceramics between strips. The density of the expanding plasma is estimated to be about
10* cm™? at a distance of 5.5 mm from the surface. The power consumption of the discharge is
comparatively low, making it useful for various applications. This paper also presents direct
measurements of the yield of secondary electron emission from ferroelectric ceramics, which, at low
energies of primary electrons, is high and dependent on the polarization of the ferroelectric material.

© 2004 American Institute of Physic§DOI: 10.1063/1.1692162

I. INTRODUCTION ited by effects related to electric fields. Indeed, these effects
seem dominant in the physics of FPS. However, other prop-
Ferroelectric plasma source6FPS are known as erties of ferroelectrics could play an important role as well.
vacuum sources of the surface discharge plasheagine 2  For instance, the secondary electron emission properties of
bulk of ferroelectric ceramics placed in vacuum and coveredgrroelectrics may affect electron avalanches, and therefore
by t_wo electrodes, rear solid_and front p_atterned, like a cagne plasma density. “Weak” ferroelectric emissfomay ig-
pacitor. Numerous surface discharges will appear along thgite avalanches, even if they are not adjacent to the edges of

edges of the front electrode pattern in response to the applipe ront electrode. The possible role played by these effects,
cation of a driving pulse with sufficient amplitud&he den- however, has not yet been recognized

sity of the surface discharge plasma, measured at about 1 cm In the plasma of surface discharges, probe measurements

1 2 am—3
from the surfgce, reaches 1610 cm gnd thg electron of plasma parameters are possible only at a distance, in the
temperature is 2—3 eV. The plasma consists of ions from the . ’ .
. . éxpanding plasma.Recent spectroscopic studiésdid not
compounds of ceramic material, and expands from the SUSllow retrieving unambiguous values of both initial values of
face with the velocity of 1-1.5 cmk. The attractiveness of g 9

vacuum FPS is in the virtually unlimited area of the s;ource,the plasma density a’_‘d the electron temperature in the chan-
which can have an arbitrary shape, and in the compatibilit)f'el’ or ste.m.,.of the discharge. Recently, a method of Qeduc-
with vacuum systems operating at 8-10"5 Torr. These N9 of the_ initial plasm_a parameters from temporal profiles of
features supported wide application of FPS as plasma catf€ density of expanding plasma has been develBpiedas .
odes for various microwave devicds. shown that the initial plasma density in the stem of the dis-
The principle of FPS operation is based on the high pocharge could reach (4-48)10'° cm™*, and the initial elec-
larizability of ferroelectricé. Application of the driving pulse  tron temperature is 16—20 eV. Such a high density corre-
leads to appearance of substantial polarization charge at tfonds to a pressure of neutral gas of 1-10 Torr at room
front surface. Pattern geometry of the front electrode cause§mperature, assuming full ionization. It indeed corresponds
nonuniformity in distribution of the polarization charge Within an order of magnitude to the estimation of neutral
along the surface, which means the existence of a tangentiglensity at the surface reported by Chirkbal® Assuming
electric field. Enhanced at triple junctions at the edges of théhe thickness of the discharge stems as 1020 we obtain
front electrode pattern, the electric field initiates field emis-an initial density of neutrals= 10" cm™3.8
sion. Field emission electrons ignite secondary electron ava- Thus, it is reasonable to expect the appearance of a king
lanches along the ceramic surface in the tangential electriof gas discharge at the surface of FPS immersed into a gas
field. Avalanching electrons bombard the surface, whichwith a density of several Torr or higher. Indeed, a gas dis-
leads to intense neutral desorption. lonization of the deseharge induced by FPS was observed earlier. Teraatsli
orbed neutrals results in the formation of a plasma channekeported about a luminous phenomenon on a piezoelectric
As described, the role of ferroelectrics appears to be limtransformer in different gases at a pressure of 0.08-5

Torr1% Light emission from a corona-like discharge was

apaper RI2 5, Bull. Am. Phys. S0d8, 294 (2003. ob;erved at pressures of 0.003—2.2 Torrsin pse_udospark
Plnvited speaker. switches triggered by ferroelectric cathod&$?® It confirms
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the expectation to find a gas discharge mode of FPS operdhe current density of the avalanching electrons returning to

tion at pressures in the range of a few Torr. the surface can be found'as

In this paper, we report observations of the gas discharge
mode of FPS operation. This mode appeared at background i~ o{ve) ) (5)
pressures of 1-80 Torr; at lower and higher pressures the Ym

surface discharge mode dominates. We estimate the plasmgerey ~ (eg;/2m,)Y2 is the average drift velocity of elec-
density and electron temperature in the gas discharge. EVfrons in the avalanche. The rate of desorption of neutrals,
dence of the role of “weak” ferroelectric emission was ob- 1 from the surface bombarded by electrons with the cur-

served in the gas discharge mode. In addition, we present th@nt densityj, , depends on the desorption efficiengy’
results of our measurements of secondary electron emission

for ferroelectrics, induced by low energy electrons. The yield I = yj—l ®)
of secondary electron emission in the low energy range is : e’

high and depends on material polarization. Thus, the properties of the dielectric material like the desorp-

tion efficiencyy, the initial energy¢, of the secondary elec-
trons, and the energg, of the unity yield of SEE, will de-

Il. SECONDARY ELECTRON EMISSION FROM termine the desorption rafe, ,

FERROELECTRICS

2
The yield of electron-induced secondary electron emis- r,= YEoE] N §180 _ @)
sion (SEB is an important parameter in plasma—wall inter- (&1—&)Vem, Y &1~ &o

action. It d_etermlnes the balance of flges, and consequent%h”e the initial energy¢, of the secondary electrons is usu-
the potential drop on the plasma shedtlkor low tempera- S
ally a few eV and does not change significantly from one

ture plasmas, primary electrons reaching the wall will have . . .
. material to another, variations gfand¢, could considerably
energies lower than 100 eV. Thus, for sheath effects, the . . .
: . . . affectI',,. The higher the desorption rate, the faster is the
scope of interest is the range of primary energilD0 eV. L
: . rowth of neutral density in the volume of the electron ava-
Parameters of the surface discharge are determined

o : g . . nche. High yield of SEE in the low energy region, which
the secondary emission properties of dielectric material. InE:orres onds 1o low,, can result in highel, and conse-
deed, the initial stage of the surface flashover is the develop- P L 9 n

ment of a saturated SEE avalandi@he SEE avalanche is quently in faster transition to plasma formation and higher

assumed saturated if the current of avalanching electrons {:())Iasma density in the discharge.
9 In spite of its importance, the actual yield of SEE in the

the surface is equal to the outgoing current of secondarYOW energy region has not been studied for most modern

electrons, or when the total yield of SEE=1 is realized. . : . ;
. . : dielectric materials. Indeed, measurements of SEE from di-
Thus, the avalanching electrons strike the surface with en-

ergy & which corresponds to the unit yield of SEE. For aelectrlcs are complicated because of surface charging effects.

. . . : ) . . The surface will acquire a positive charge if the flux of sec-
plane dielectric surface, with applied tangential electric field N .
ondary electrons is higher than the primary flux, and nega-

agaﬁliﬁggr;} :;hIcggarerézlfhazeﬁeifofrﬁéhe surface with they 5 M e opposite case. The surface charge affects strongly
9y oo, gnt. the actual yield of secondary electrons. Thus, special steps

& VéEo(E1— &) have to be taken to minimize the surface charging and to
"E T aE (D remove the accumulated charge.
! Recently, we developed a setup to measure the total
and travel along the surface: yield of electron induced SEE from dielectrics at energies of
4EE, 2(6—&) primary electrons from 6 to 1OOQ & The primary electron
Ym=—pgz = E (20  beam had a current 6£500 nA with the duration of-2 us.
1L

The diameter of the beam focal spot was 1 mm. The samples
HereE, is the normal component of the electric field, which can be heated up to 700°C. The procedure of the surface
appears between the negative space charge of the electreharge removal after each shot of primary electron beam was
avalanche and the positive charge of the dielectric surfacdased on cleaning by a volatile conducting solvent followed
All values are in S, except energigs and&,, which are in by heating at 150—200°C in vacuum of about 10rorr.
eV. The surface acquires a positive surface charge: This procedure did not provide complete removal of the sur-
face charge, which is accumulated inside the material on the

o+ =280E, , 3 depth of several atomic layers, and the deviation of the SEE
which is assumed equal to the negative chasge of the  yield was about 10%.
electron avalanch®. It was showr’ that, assuming a cosine Since then, the performance of the setup has been im-

distribution of released electrons, the equilibrium in surfaceproved by several modifications. The direct coupled ampli-
charge is reached when the anglbetween the electric field fier was substituted by another one with 10 times higher

and the surface is equal to amplification, which allowed the primary electron current to
E 5 decrease to 100 nA and the duration to decreaseus. The
_ £o focal spot diameter was increased from 1 mm to 2.5 mm by
tg(0) : (4) ; o
E, §1— o the use of new beam collimator. This increase corresponds to
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FIG. 2. Experimental setup for study of the gas discharge mode.
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E ( V) tal setup shown in Fig. 2. The ferroelectric plasma source
p € employed a disk of ferroelectric ceramics APC-850 produced
by American Piezo Ceramics. The disk had a diameter of 38
FIG. 1. Total yield of electron induced secondary electron emission frommm and a thickness of 2 mm. The grounded front electrode
Pz26 ferroelectric ceramics for negative and positive polarizations, and fron?1 . - .
boron nitride. ad a pattern in form of strips interconnected by an outer
copper ring with a diameter of 20 mm, which was glued to a
brass flange by a conducting epoxy. The brass flange was

more than 6 times lower density of the induced surfaceconnected to a chamber filled by a gas. The majority of ex-
charge. Faraday cup for measurements of primary currerderiments were done with argon, however, a gas discharge
and rotary positioning system were modified as well. Themode was observed with air and xenon as well. The pressure
procedure of the surface charge removal was changed b§ the chamber was measured by MKS Baratron capacitive
using a beam of neutral plasma. The tolerance in the energjp@nometer.
of primary electrons was less than 0.1 eV. The overall preci- A negative driving pulse with a duration of500 ns
sion of the measurements was improved<t6%. FWHM was supplied to a solid rear electrode by a Blumlein
On this improved setup, we performed preliminary mea-Pulse generator with a repetition rate of 10-100 Hz. The
surements of the yield of SEE from ferroelectrics. We stud-amplitude of the driving electric field was varied from 3 to
ied a commercially available material Pz26 produced by Fer30 kV/cm. The driving voltage was measured by LeCroy
roperm. The yield of SEE was measured from poled sampleBigh voltage divider; the current supplied to the FPS was
for both negative and positive polarizations. The results aréneasured by Pearson Rogowskii Coil.
shown in Fig. 1, together with the corresponding data for ~ The parameters of the expanding plasma were estimated
boron nitride for comparison. from measurements by a pair of biased probes, similarly to
At energies of primary electrons between 20 and 100 eVRef. 1. The probes were placed at 5.5 mm and at 14 mm
the yield of SEE from Pz26 was found considerably higherffom the front surface of the FP@ee Fig. 2 The probes
than the one from boron nitride and other conventional di-were mounted with an azimuthal displacement of 90° to pre-
electric materials like alumina ceramics, Macor, and Teflonvent screening of the second probe by the first one. The
The unity y|e|d of SEE from Pz26 Corresponds to the energ}Dl’ObeS were made of tungsten wire with a diameter of 1.5
of primary electrons of;~20-30 eV, while for boron ni- Mm and were immersed in the chamber through Wilson
tride £,=40 eV. Moreover, between 15 and 45 eV we ob-seals.
served a difference in the SEE vyield between two polariza- Fast frame imaging of FPS operation in the gas dis-
tions of the Pz26. The unity yield of SEE was found¢at ~charge mode was carried out by Andor 1-Star® ICCD cam-
=22 eV for the negative po]ariza’[ion of Pz26 Samp]es and agra. The images were taken with the frame duration of 400
£&,=28eV for the positive polarization. Assuming the de- s, with the frame beginning simultaneously with the front of
sorption efficiency and the initial energy of secondary electhe driving pulse. A set of fast frame images of the discharge
trons does not depend on polarization, the observed diffed argon at the driving pulse amplitude of 4 kV is shown in
ence results in 1.3 higher desorption rate for negatively poleig. 3. From the vacuum of 10 Torr to about 0.5-1 Torr,
Pz26, as it follows from Eq(7). This difference in the de- the surface discharges looked almost unchanged, as illus-
sorption rate for positively and negatively poled materialtrated by Fig. 8a).

might explain the difference in the plasma density for differ- At pressures higher than 1 Torr, the luminosity of the
ent polarizations:? discharge grows rapidly and reaches maximum at 7—10 Torr.

The typical stems of the surface discharges still exist, but

became almost irresolvable on the bright background light

appeared above the ceramic surface between the strips of the
The condition of appearance of the gas discharge mod#&ont electrode. The typical image of the dischargePat

of FPS operation and measurements of the plasma parars8 Torr is shown in Fig. @). We associate this light emis-

eters of the gas discharge were performed on the experimesion with plasma formed due to ionization of the background

Ill. GAS DISCHARGE MODE OF FPS OPERATION
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between the strips. These avalanche stems cannot be ignited
by field emission from the triple points, as it suggested in the
scenario of FPS operation. The appearance of these discharge
stems is not delayed with respect to the others, so we could
not suppose these discharges were induced by “primary”
discharges at triple points.
The observed effect might be explained by influence of
the “weak” ferroelectric emission.Indeed, this low-current
FIG. 3. Fast frame imaging of the light emission from FP$ax0.2 Torr, ~ €mission could happen from the entire surface of the ceram-
(b) 8 Torr, and(c) 30 Torr of argon. ics between the strips, and could ignite the discharge at ar-
bitrary points. In vacuum, all discharges have to be closed to
o ) o the front electrode, and the seeds of avalanches were irre-
gas. Similar images were observed also by Chiek@l.”  gqyaple. In the presence of gas discharge plasma, seeds
where a FPS in vacuum was stressed by a pair of drivinghich are not adjacent to the edges of the front electrode
pulses with a proper delay between them. By our preserf,,y initiate discharges similar to the unipolar arc. The ap-
results, we could confirm the supposition made in Ref. 9y05rance of such discharges conditioned the possibility to
regarding the nature of the plasma density enhancement. 15 ke a supposition regarding the role of the “weak” ferro-
deed, the discharge induced by the second driving pulse Ma¥actric emission in the FPS operation.
happen in the layer of gas desorbed during the first firing A higher pressures, the luminosity of the discharge de-
cycle. _ , creases, and at pressures above 20 Torr, evidence of the for-
The surface discharges in the pressure range of 1-2Q41i0n of surface discharges disappear completely. The dis-
Torr were observed Dy filtering out the light emission from ¢yarge seems almost uniform along the entire surface of the
the gas discharge. In general, the complete removal of thgg 3 mics hetween strips, in contrast with uncovered middle
gas discharge spectra can be done only by filtering out th?egion between the strips in the surface discharge rfisele
entire spectra of the argon neutrals and_ions from the imag%ig. 3(c)]. Later growth of pressure leads to the gradual de-
However, the wavelength of the majority of Arl and Arll .reaqe of the discharge luminosity, to the appearance of the
intense lines are shorter t.han 4OQ nm,_wh|le ceramic materig,,k region in the middle between the strips, and finally to
als(Pb, Zr, T) have many intense lines in longer wave length,o reappearance of the surface discharges, as it was ob-
range. Thus, it appears possible to suppress sufficiently thg,ed in air at atmospheric presstre.
background from the gas discharges by filtering out the ;g q) light imaging of the discharge indicates the exis-
short-wavelength light. It was done by a combination of &ence of two different regimes of the gas discharge mode. At
gray filter with an UV filter. Such a combined filter allows e hressure range between a few Torr and about 20 Torr, the
the bright points to be visualized clearly. discharge appears in a combined form of surface and gas

The typical filtered image is presented in Fig. 4 ®r  gischarges. At higher pressures, pure gas discharge is real-
~8.5Torr. The shape of the surface discharge stems is oy

changed to localized bright points, which are not always ad-  pjasma parameters have been estimated from the mea-
jacent to the edges of the front electrode. Moreover, on Virg,.aments by two biased probes, placed at 5.5 mm and 11
tually every image, a few points were found not to be adjay,m from the FPS surface. In contrast with the surface dis-
cent to the edges of the front electrode, but in the middlecharge mode in vacuum, expansion of the plasma layer out-
ward the surface is not collisionless but rather diffusive. In
this case, the problem of deducing the initial plasma param-
eters in the layer near the surface requires a solution of the
collisional Vlasov equation. Without a simple analytic solu-
tion, the method of the deducing of initial plasma parameters
described in Ref. 8 cannot be directly used, and only distant
measured values can be obtained.

A typical signal from the first probe, observed Bt
=8 Torr of Ar, is presented in Fig. 5 together with the traces
of the driving voltage,Uy,, and the driving current|,.
Temporal behavior of the probe current coincides with the
luminosity of the discharge observed by the fast frame im-
aging. At pressures higher than 1 Torr, the collisionless probe
theory is inapplicable. Indeed, at the background pressure of
about 5 Torr, the mean free path of electron-neutral collisions
is A\y~2x% 103 cm, that is much smaller than the probe ra-
dius R,=250x10 3cm. Estimation of the sheath
thickness® yields h~0.3x 1072 cm. Thus, we should sup-
FIG. 4. Fast frame imaging of the light emission from FPS at 8 Torr with POS€ that atP~5 Torr Ry>\,>h. This means that the
filtered out light from Ar discharge. sheath is thin and collisionless, and the disturbance of the

(@ (b) (©)
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1 mean energy may correspond to the initial electron tempera-
ture in the surface discharge. Notice the same order of initial
electron temperature in the stem of the surface discharge on
ferroelectric plasma cathodes in vacuum, which was mea-
sured in Ref. 8. The concept of temperature is applicable
here, because at the gas pressure of about 10 Torr the fre-
quency of momentum transfer collisions is high,~4
% 10'° s™1, and randomization of the energy gained by elec-
trons from the driving electric field happens fast.
The portion of energy transferred by electrons in mo-
mentum transfer collisions in Ar aP~10 Torr is ~3
X 107 °T,, which corresponds-0.4 eV over the duration of
the driving pulse~0.4 us. However, taking into account
high frequency of the ion/neutral momentum transfer colli-
sions (both elastic and charge exchahgg,~3x10° s 1,
the temperature of ions at the probe location can be assumed
t (us) about of temperature of the background gas~T,
~300 K.
FIG. 5 Tempora! behavior of the driving voltage, the driving current, and The plasma density can be estimated roughly from the
the signal from biased probe placed at 5.5 mm from the FPS surface. ion saturation current measured by the probes. At high den-
sities of the background gas, the ion saturation current can be
erived from a solution of the diffusive motion of ions in the
robe presheath. For a very rough estimation, however, a
correction on the ion mobility can be made in the ion satu-
ration current

probe signal

drift motion of electrons and ions outside the sheath shoultg
be insufficient.

In spite of collisional regime, the analysis of the slope of
electron branch of the proba—V characteristics still can
yield an estimation of the electron temperat%PrSuch esti- _ Te Nion
mation for temporal behavior of the electron temperature at ion~1on T R.
two probes locations is shown in Fig. 6. The temperature '
decreases fast in time, and it seems the initial value might belere \iy,, is the mean free path of ions, amﬁ"‘r} is the ion
higher that 10 eV. Some decrease is observed also with th&aturation current in the collisionless case. This estimation of
distance from the surface. the plasma density based on the measured ion current yields

The high initial electron temperature might be explainedn;<(4—8)x 10" cm 3 at x=5.5mm from the surfacet
by the nature of the transient process of combined surface2.2 ms from the beginning of the driving pulsélg,
and gas discharge. Indeed, at the initial stage of the surface4 kV, and P=5 Torr of Ar. At x=11 mm, the density is
discharge, electrons in the saturated secondary emission avauch lower,n;<10' cm 3, and could not be determined
lanche have a mean energy of(&,+ £;)/2. According to  confidently from the ion saturation current because of very
our measuremenisee Sec. )| for Pz26&£,~20—-30 eV de- low ion current to the probe. The observed gradient of the
pending on the polarization of the material. Assumifig plasma density indicates in linear approximation the possible
~2-3eV, the mean electron energy is about 11-16 eV. Thifitial plasma density near the surface in order ofldm 3.

The measured dependence of the probe current on the
background pressurP is presented in Fig. 7 for air and

®

p

10- argon, atUg=4 kV. The maximum of the probe current for
argon corresponds roughly to;~6x10%cm 2 and is
x,=55mm shifted toward the higher pressures comparing to air. One
81 can see that the probe signal for argon is 1.5-2 times larger
—_— than for air in the pressure range of 3—20 Torr and more than
> 6 5 times larger at higher pressures. The observed pressure
L dependence for Ar and air is similar to the Paschen law for
&~ 4 the breakdown voltag¥,, of a gapd filled by a gas with a
x,=11mm pressureP:20
21 Ve BPd o
~In(APd)—In(1+1/y) " ©)
0 T T T
0 1 2 3 4 HereA=12 (cm Torr) ! andB=180 V/(cm Torr) for argon;
£ (us) A=15 (cm Torr) * andB=2365 V/(cm Torr) for air® y was
H assumed~0.1; d roughly corresponds to the half width of
FIG. 6. Temporal behavior of the electron temperature measured in expand® 9ap between strips of the front electrode. Thus, the
ing plasma at two distances from the FPS surface. mechanism of the discharge should be similar to the Paschen
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FIG. 7. Dependence of the amplitude of the probe signal on the gas pres- P (TOI’I')

sure, for(a) argon,(b) air at 1 mm strips width, an¢c) air at 2 mm strips
width. The probe is placed at 5.5 mm from the FPS surface. Plasma density FIG. 8. Energy supplied to the discharge in a single pulkg=4 kV.
in argon atP~8 Torr is estimated ag;~(4—8)x 10 cm 3,

ains rather constant up t8~80 Torr and decreases at
igher pressures. Thus, & between 20 and 80 Torr the
ower dissipation in the discharge is maximal, which may

breakdown. Indeed, changes in pattern geometry of the fro
electrode lead to correspondent changes in the pressure
pendence. In air, for instance, twice wider strips and twic correspond to the optimal discharge conditions
wider gaps .between strigg mm m.z,teaq of 1 mm as in aII. The efficiency of the FPS operation in combined surface
other gxperlr_nen)scausgs about 7% h|gher plagma der]S'tyand gas discharge mode is considerably higher than in
and S“g.ht shift toward hlgh_er pressuieee Fig. J, in agree- vacuum surface discharge mode. Indeed, at the position of
ment with Eq.(9) for the wider gapd.

The ob dd d hould be al idered the first probex=5.5 mm from the surface, &=2.2 ms
€ observed dependence should be aiso consioered gg ., o beginning of the driving pulse, plasma density in
an experimental evidence of the pressure range of the de

orbed gases in the stem of the surface discharge on ferroele%e combined mode &=8 Torr was found about of order of

. ) . 1agnitude higher than in vacuum discharge mbdsffer-
e e 2 n th energy consmption betw#en 10 ! Tor and
. =8T h ivi | li i I
neutrals abouny~1.5—4x 10'® cm™2 (equivalent pressure 8 Torr at the same driving voltage amplitude is only

. ~20%.

22

|Of abogt 59;108 (‘)I'(;)r &ugglivetiagl.( sugg?st?d slightly The neutral densityy~0.2—1x 10*® cm™2 agrees with
;‘V\;et:ou'?gs_lgongro DF. G_ray23 hov(\:/g]ver gi?gévgeevnerglrzzzlrjr:(:l- the measurements of the initial plasma density in the stem of
tions in the range ohy~10% cm-2. Visual light imaging the surface discharge, reported in Ref. 8. The initial plasma

[ i~0.4—4x 10 cm 3 i
shows that the formation of stems of the surface dischargedenSlty was found to bey~0.4-4x10" cm *, which

i ear aP— 20 Torr. This pressur uld correspond t Wwould correspond to an ionization rate 6f20%. Masten
Sapp o torr. This pressure could correspond 10 . 24 performed estimating measurements of the plasma
reaching the optimal conditions for ionization, when addi-

tional desorption from the surface will not cause si r].f.camdensity by deflection of a laser beam, and also found the
: bl u Wi L cau 'gniti initial density in the stem of the discharge in the range of
growth of the plasma density. The estimations made b oL7 em-3

Bugaevet al. seem close to our present results, and the neu-
tral density in the stem of the surface discharge is albgut to depend on the amplitude of the driving voltage, as it

~0.2-1x10"®¥ cm™3. - " .
Analvsis of th i fthe disch | shown in Fig. 9 forP=5 Torr. For both Ar and air, the
nalysis of the energy consumption ot the discharge as%ependence is close to linear with saturation at higher driv-
reveals indirect evidence of the optimal conditions Rat

N . ing amplitudes. The same behavior of the plasma density was
20 Torr. Pressure dependence of the total energy supplie served for the surface discharge mode. This could mean

to_the discharge, found as a time inte_grated pr_odu_ct of th‘tnhat at pressures of 1-20 Torr, when both surface and gas
driving voltage and the driving current, is shown in Fig. 8 for discharges are observed, the surface discharge sustains the

g]beo dtnilgl 9 T\Q?Irt?gepr[;'?odr? thgnkt\r/l-e FFrgg c\)/a:ruautg:j (')r]: gas discharge, and the total plasma density is determined by
u ' » W P "N the plasma density in the surface discharges.

the surface discharge mode, the energy supplied to the dis-
charge in a single pulse is aboutl.9 mJ and is almost

unchanged. At higher pressures, when FPS operates in tﬁ\é' SUMMARY
combined gas and surface discharge mode, the supplied en- Ferroelectric plasma sources can operate in two modes:

ergy grows gradually up te-2.5 mJ atP~20 Torr. In the surface discharge and gas discharge. Gas discharge mode
gas discharge mode, 8= 20 Torr, the supplied energy re- appears at pressures of 20—80 Torr. At pressures of 1-20

The ion and electron currents on the probes were found
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10 higher desorption rate and consequently to lower threshold
of the surface discharge on ferroelectrics. In the combined
g gas and surface discharge mode, electron avalanches not ad-

jacent to the edges of the front electrode were observed.
These avalanches might be ignited not by field emission
6 - from triple junctions but also by “weak” ferroelectric emis-
sion.

The efficiency of FPS in the gas discharge mode is
4 - higher than in the vacuum surface discharge. Taking into
Air account possibly longer lifetime, gaseous FPS can be prom-
ising for creation of layers of uniform and dense plasma on
surfaces with large area and arbitrary shape, which is impor-
tant for some aerospace applications.

Probe current (arb. units)
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FIG. 9. Amplitude of the probe signal vs the amplitude of the driving pulse
for argon and air, aP=5 Torr.
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